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Signal crayﬁsh (Pacifastacus leniusculus) have become increasingly
widespread in rivers in Great Britain since their introduction in the late
1970s, causing extensive losses of indigenous white-clawed crayﬁsh and
negative impacts on communities of aquatic plants, invertebrates and
benthic ﬁsh. Angling interests are increasingly concerned about possible
impacts of signal crayﬁsh on brown trout, sea trout (Salmo trutta)a n d
Atlantic salmon (S. salar). This study of a limestone headwater stream
in the Pennine uplands, Yorkshire, compares density of ﬁsh and two
species of crayﬁsh in two years. Signal crayﬁsh are progressively replac-
ing white-clawed crayﬁsh. Surveys showed a signiﬁcant negative relation-
ship between the ﬁsh and signal crayﬁsh. Sites with white-clawed crayﬁsh
(1–2 crayﬁsh/trap night) had abundant juvenile trout (> 47·100 m−2). Sig-
nal crayﬁsh reached higher abundance (4–8 crayﬁsh/trap night) and those
sites had fewer ﬁsh (0−18.8·100 m−2). The signal crayﬁsh population will
expand to other tributaries over time. If similar reduction of salmonid re-
cruitment occurs in those streams,there is potential for signiﬁcant impacts
on an important recreational ﬁshery.
RÉSUMÉ
Impact de l’écrevisse signal (Pacifastacus leniusculus) sur le recrutement en poissons
salmonidés dans un ruisseau de tête de bassin dans le Yorkshire, Angleterre
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écrevisse,
impact,
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L’écrevisse signal (Pacifastacus leniusculus) est de plus en plus répandue dans les
rivières de Grande-Bretagne depuis son introduction dans les années 70, causant
d’importantes pertes dans les populations indigènes d’écrevisses à pattes
blanches et des impacts négatifs sur les communautés de plantes aquatiques,
d’invertébrés et de poissons. Les pêcheurs sont de plus en plus préoccupés par
les impacts possibles de l’écrevisse signal sur la truite, la truite de mer (Salmo
trutta) et le saumon atlantique (S. salar). Cette étude d’un ruisseau calcaire dans
les collines Pennine, Yorkshire, compare les densités de poissons et de deux
espèces d’écrevisses durant deux années. L’écrevisse signal a progressivement
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remplacé l’écrevisse à pattes blanches. L’étude montre une relation signiﬁcative
négative entre les poissons et l’écrevisse signal. Les sites avec des écrevisses à
pattes blanches (1–2 écrevisses par trappe par nuit) ont beaucoup de juvéniles
de truite (> 47·100 m−2). L’écrevisse signal atteint des abondances plus impor-
tantes (4–8 écrevisses par trappe par nuit) et ces sites ont moins de poissons
(0−18,8·100 m−2). La population d’écrevisse signal devrait s’étendre à d’autres
cours d’eau. Si une réduction similaire du recrutement en salmonidés se produit
aussi dans ces cours d’eau, il y aura probablement un impact signiﬁcatif sur l’im-
portante pêcherie de loisirs.
INTRODUCTION
The signal crayﬁsh Pacifastacus leniusculus has been widely introduced in Europe, where it
has had signiﬁcant adverse impacts on European species of crayﬁsh, by competition and
by carrying crayﬁsh plague Aphanomyces astaci, which is lethal to the European species
(Holdich, 1999). Being large, omnivorous invertebrates, introduced crayﬁsh are capable of
changing benthic foodwebs by predation, competition and modiﬁcation of habitat, including
shredding and consumption of macrophytes and by burrowing (Nyström, 1999). Studies have
shown that signal crayﬁshcan reduce the abundance of macrophytes(Warner, 1995; Nyström
and Strand, 1996;U s i oet al., 2009) and similar effects have been found with other crayﬁsh
species. A wide range of invertebrates is preyed on by crayﬁsh, with the larger, less mobile
invertebrates being signiﬁcantly reduced, while smaller, fast species are less affected and
some species may even beneﬁt from reduced predation by other predatory invertebrates.
Adverse impacts of signal crayﬁsh on abundance have been found in snails (Nyström et al.,
2001), on chironomids and Trichoptera (Guan and Wiles, 1998), predatory invertebrates and
overall invertebrate biomass (Nyström et al., 1996; Stenroth and Nyström, 2003;C r a w f o r d
et al., 2006).
Interactions between ﬁsh and crayﬁsh are more complex. Many ﬁsh species include crayﬁsh
in their diet (reviewed by Foster and Slater, 1995) and this includes signal crayﬁsh, which
are predated on by several ﬁsh species, including perch Perca ﬂuviatilis, eel Anguilla anguilla
(Blake and Hart, 1995), rainbow trout Oncorhynchus mykiss (Nyström et al., 2001)a n db r o w n
trout Salmo trutta (Stenroth and Nyström, 2003). Nonetheless, crayﬁsh have avoidance be-
haviour, such as increased use of shelter, preferential use of shallow water by juveniles and
higher activity at night (reviewed by Nyström, 2002). Some species of crayﬁsh, including sig-
nal crayﬁsh, use their outstretched chelae to make themselves too large for the gape of ﬁsh,
although Nyström et al. (2006) showed perch 25 cm length were able to consume adult cray-
ﬁsh in a lake. Nonetheless, other studies have found that crayﬁsh are able to predate ﬁsh
eggs (Kempinger, 1988; Savino and Miller, 1991;D o r na n dW o d j a k ,2004). Competition for
shelter has been shown in laboratory conditions between signal crayﬁsh and juvenile Atlantic
salmon Salmo salar (Grifﬁths et al., 2004), with the ﬁsh having to spend more time out in open
water, where they required greater expenditure of energy to keep their position in the ﬂowing
water.
Where more than one ﬁsh species is present the interactions may vary, for example, small ﬁsh
species canbe displaced fromshelter by crayﬁsh,increasingtheir vulnerability to predation by
piscivorousspecies(Raheland Stein, 1988;L i g h t ,2005);or the ﬁsh mayshow reducedgrowth
in the presence of crayﬁsh (Carpenter, 2005). Benthic ﬁsh appear to be particularly vulnerable
to the effects of predation or competition by crayﬁsh, with reductions in sculpin species in
the USA (Light, 2005), and in bullhead Cottus gobio in England (Guan and Wiles, 1997, 1998;
Bubb et al., 2009). Whilst Bubb et al. (2009) found some disturbance of bullhead by the
indigenous white-clawed crayﬁsh Austropotamobius pallipes, non-indigenous signal crayﬁsh
weremuch moreaggressivetowardsthe ﬁshin laboratorytrials, causing damageto ﬁns and in
some cases, mortality. The same authors found reductions in abundance of bullhead in rivers
too when signal crayﬁsh were present. Peay (2002 and unpublished) also regularily found
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bullheads and white-clawed crayﬁsh under the same large cobbles and boulders in several
streams in northern England, suggesting that whereas signal crayﬁsh reduce the abundance
of bullhead, interactions between the indigenous crayﬁsh and bullhead are minor.
Some studies have not found any evidence of impact of crayﬁshspecies on ﬁsh. Dietary stud-
ies of red swamp crayﬁsh Procambarus clarkii have shown this species is not very efﬁcient
at catching live ﬁsh (Ilhéu and Bernardo, 1997) and in a laboratory trial red swamp crayﬁsh
did not reduce survival of juveniles of four cyprinid ﬁsh species (Xinya, 1995). Stenroth and
Nyström (2003) set up enclosures with signal crayﬁsh and brown trout fry (Salmo trutta)i na
Swedish stream, but found no effect of crayﬁsh on the survival of the ﬁsh. Degerman et al.
(2007) reviewed data from electro-ﬁshing surveys in 61 streams in southern Sweden that
had a period of two years or more when indigenous noble crayﬁsh Astacus astacus were
present and another when crayﬁsh were absent (generally losses due to crayﬁsh plague),
but did not ﬁnd any reduction of abundance of ﬁsh related to either signal or noble crayﬁsh
in those streams. Where impacts of crayﬁsh on ﬁsh do occur, they may be indirect through
modiﬁcation of aquatic food webs. In a long term study of invasion of a lake in Wisconsin
USA by rusty crayﬁsh, Orconectes rusticus, Wilson et al. (2004) showed that ﬁsh whose diet
overlapped with that of the crayﬁsh declined markedly, whereas piscivorous ﬁsh did not.
Headwater streams are important spawning grounds for salmonid ﬁsh in Britain. Migratory
Atlantic salmon and sea trout S. trutta return to spawn in their natal rivers and streams af-
ter several years at sea and even resident brown trout tend to move upstream into smaller
tributaries to ﬁnd suitable substrates for spawning. If invading signal crayﬁsh have negative
impacts on the production of fry or their survival in these streams, this may reduce the pop-
ulation of adult ﬁsh over time. It could potentially affect the ability of naturally reproducing
populations of brown trout to support recreational angling. This study reports the distribution
of an invading population of signal crayﬁshin a small stream in northern England and presents
some evidence for changes in the ﬁsh population in the presence of signal crayﬁsh. Possible
implications for management of recreational ﬁsheries in rivers are discussed.
STUDY AREA
>DESCRIPTION
The study area (Figure 1) is in the upland area of England known as the Yorkshire Dales, an
area of low hills and glaciated valleys. Bookill Gill Beck is a small headwater stream approxi-
mately 5.1 km in length, a tributary of Long PrestonBeck,in the catchmentof the River Ribble.
The solid geology is all in the Lower Carboniferous series. At the top of the sub-catchment
there is limestone, but where the stream rises, it is overlain by glacial till and peat, at an
altitude of approximately 455 m. The geology of the rest of the sub-catchment is primarily
sandstone and shales. Bookill Gill Beck is a steep, fast-ﬂowing watercourse. The main study
area is a 4.7 km length of Bookill Gill beck, approximately 0.6 km from its source down to its
conﬂuence with Long Preston Beck. It has a total fall of 133 m, with average gradient of 1:28.
The stream is approximately 0.7 m wide at the top, increasing to an average width of 1.9 m
at the conﬂuence with Long Preston Beck (Figure 2). Long Preston Beck is a larger stream,
approximately 4 m wide upstream of the conﬂuence, approximately 3.8 km upstream of the
River Ribble.
The land use in the sub-catchment is unimproved or semi-improvedpasture, grazed by sheep
and cattle, with extensive seasonally wet areas dominated by rushes, especially soft rush
(Juncus effusus), on the upper slopes and in patches along spring-fed ﬂushes and parts of
the valley bottom. A short section of the stream, 120 m, ﬂows through Wildshare Plantation, a
conifer woodland, which is the site of introduction of signal crayﬁsh(see section below). There
are also some individual broadleaved trees by the streamside in places, mainly in the steepest
section, where there are rockoutcrops.Thereare no farmyards,sheep-dips or domestic prop-
erties in the catchment of Bookill Gill Beck to affect the good water quality. A road crosses
the stream upstream of the study area, but it is a single-track, rural road with little trafﬁc.
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Figure 1
Location of study area showing the Ribble catchment and sites on Bookill Gill Beck.
Figure 1
Localisation de la zone d’étude montrant le basin versant de la rivière Ribble et les sites d’étude sur le
Bookill Gill Beck.
Figure 2
Bookill Gill Beck at the conﬂuence with Long Preston Beck (Bookill Gill Beck on right side).
Figure 2
Bookill Gill Beck à la conﬂuence avec Long Preston Beck (Bookill Gill Beck se trouve sur la droite).
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There is a farm access track running part of the way down the valley of Bookill Gill Beck,
but much of the valley is inaccessible, except on foot. There are several small bedrock steps
in the middle section of the stream, one of which forms a waterfall. There is little growth of
macrophytes in the channel, just occasional patches of aquatic mosses, such as Fontinalis
antipyretica and Rhynchostegium riparoides, on some of the more stable boulders and areas
of bedrock. Epilithic algae comprise most of the plant growth in the stream.
Rainfall is frequent throughout the year (average monthly rainfall 85 mm in May to 170 mm
in December), with typically 40–45 days of rainfall in summer (June–August) (Malham Tarn
data, MetOfﬁce, 2009). Major spates large enough to move cobbles and boulders occur in
the streams every few years, but during periods of low ﬂow the wetted width of the channel
decreases and there are frequent short sections of rifﬂe and run where water is less than
100 mm deep between deeper pools and glides.
>PRESENCE OF CRAYFISH
Historically, white-clawed crayﬁshwere widely distributed in the catchment of the River Ribble
in the main river and the tributaries and in the all the other major catchmentsof Yorkshire(Don,
Calder, Aire,Wharfe,Ure,Swale and Derwent).Now,however,signalcrayﬁshhaveestablished
at sites in all the catchments (records held by the Environment Agency). Although most popu-
lations of signal crayﬁshin Europe carry crayﬁshplague, in Yorkshire severalpopulations have
established that do not appear to be infected. For example, signal crayﬁsh were stocked into
a trout farm at Kilnsey adjacent to the River Wharfe in 1983, from which they have been ex-
panding into a white-clawed crayﬁsh population (Peay and Rogers, 1999;B u b bet al., 2005)
and now occupy more than 40 km of main river (Imhoff,2009, pers. comm.). A moving zone of
mixed population extends over several kilometres of the River Wharfe, yet there have been no
outbreaks of crayﬁsh plague recorded there in more than 25 years (to 2008) and no evidence
of crayﬁsh plague infection has been found in PCR-tests (Dunn et al., 2009). Similarly, signal
crayﬁsh were found in the River Ure in 1997, having escaped from a trout lake and ﬁsh farm,
and have also expanded into a population of white-clawed crayﬁsh without there being an
epidemic of crayﬁsh plague (Bubb et al., 2005).
The River Ribble was affectedby crayﬁsh plague in 2001, for which the suspected source was
a contaminated consignment of ﬁsh stocked into the main river. The spread of the epidemic
along the main river and up the tributaries was followed in detail (Bradley, unpublished) while
it eliminated all of the white-clawed crayﬁsh in the catchment, except in a few semi-isolated
parts, one of which was Bookill Gill Beck. During a survey of the stream in 2002, signal cray-
ﬁsh were found in a mixed population with the white-clawed crayﬁsh (Bradley, unpublished).
Local information indicates signal crayﬁsh were stocked into the upper part of the stream at
Wildshare Plantation (Figure 1) in about 1995, with reputedly around 4–12 signal crayﬁshin the
original stock (Handy, 2007, pers. comm.). This was an illegal introduction because release of
signal crayﬁsh into the wild has been illegal in Great Britain since 1992 (under the Wildlife and
Countryside Act 1981 Schedule 9, as amended), except in some areas of southern England.
METHODS
Fish survey was carried out by electro-ﬁshing, using generator-driven electro-ﬁshing gear,
LUG AB, ﬂat DC, 1 kW in 2007, and a battery-powered electro-ﬁshing gear, Electra Catch
International ELBP2, Pulsed DC, 300 W in 2008, which allowed easier access to sites with
no vehicular access. In all the surveys three consecutive runs were carried out (in accor-
dance with a standardised three-run depletion protocol). Fish were identiﬁed to species and
measured. Substrate, channel characteristics, pH and conductivity were recorded. Although
crayﬁsh were caught and recorded during electro-ﬁshing surveys, this by-catch is not in-
cluded in the measure of abundance of crayﬁsh, which was done by trapping. One site at the
downstream end of Bookill Gill Beck and another on Long Preston Beck were not re-surveyed
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for ﬁsh in 2008, due to disturbance of the channel substrate and ﬁsh fry during a separate
management operation to remove and re-locate white-clawed crayﬁsh.
Crayﬁsh surveys were carried out using crayﬁsh traps with funnel entrances (LiNi and Trappy
Tetra) baited with ﬁsh-ﬂavoured cat food. Traps were set for one night and lifted the following
morning. Traps were set in the pools and slower-ﬂowing glides, avoiding areas that were too
shallow to set the traps, or too fast-ﬂowing for much crayﬁsh activity, based on observations
of activity at night (Peay,unpublished). The minimum distance between traps was 3 m and the
maximum approximately 20 m, depending on the habitat present. A total of 15 traps per site
was set immediately prior to the electro-ﬁshing surveys in 2007. There was some variation
at sites on Bookill Gill Beck in 2008, where 10–18 traps were used, to utilise sites denoted
by the ﬁeld boundaries. Crayﬁsh surveys were carried out in early September. Trapping was
carried out in dry conditions, avoiding rainfall events, which, in this catchment, lead to rapid
increases in stream ﬂow and low activity of crayﬁsh. All crayﬁsh caught were recorded for
species, sex and size recorded as carapace length (CL) and crayﬁsh abundance at each site
was recorded as a Catch Per Unit Effort (CPUE), average number of crayﬁsh per trap. No
signal crayﬁsh were returned to the stream (a legal requirement).
Charts were plotted in EXCEL and SPSS. Comparison of ﬁsh density and crayﬁsh status
was made using non-parametric Kruskall-Wallis tests and between ﬁsh density and crayﬁsh
abundance using Rank Spearman Correlation tests.
RESULTS
In 2002 signal crayﬁsh were detected in Bookill Gill Beck, 0.65 km downstream of the sus-
pected point of introduction approximately seven years previously. By 2008 the detected lim-
its were 3.4 km downstream and 0.6 km upstream, using trapping and various intensive man-
ual surveys. This represents a detected rate of expansion of 0.46 km·year−1 downstream and
0.1 km·year−1 upstream in the period since 2002, compared to approximately 0.1 km·year−1
downstream in the initial period of establishment from 1995–2002.
There were no white-clawed crayﬁsh upstream of the signal crayﬁsh population in 2007 and
2008. It is not certain how far upstream they originally occurredbeyond the site of introduction
of signal crayﬁsh.There is perennial ﬂow upstream of the site of introduction of signal crayﬁsh,
although the ﬂow is low in this section in dry years according to local landowners. White-
clawed crayﬁsh were present downstream of the conﬂuence and in Long Preston Beck in all
years, conﬁrmed by surveys since 2002.
Figure 3 shows the distribution and relative abundance of crayﬁsh (CPUE) recorded in trap-
ping surveys in summer 2007 and 2008 and the total density of ﬁsh. At all sites at which signal
crayﬁsh were trapped in 2008, the CPUE was higher than in the preceding year (Signed Test,
n = 7, P < 0.01). At the downstream end of Bookill Gill Beck the white-clawed crayﬁsh
abundance (CPUE) was typically 2.0 crayﬁsh/trap, but there was a reduction in abundance
approximately 1 km upstream of the conﬂuence with Long Preston Beck, corresponding to
an increase in the abundance of signal crayﬁsh. This transition from white-clawed crayﬁsh
to signal crayﬁsh is evident in the lower CPUE for white-clawed crayﬁsh at 2.09 km, where
CPUE decreased from 0.7 in 2007 to 0.06 in 2008, and at 2.38 km downstream, where CPUE
was 1.5 and 0.7 in 2008 and 2007 respectively. White-clawed crayﬁsh were absent from traps
at sites further upstream, although a white-clawed crayﬁsh was recorded a footpath ford (at
1.7 km) during a manual survey in 2007. The signal crayﬁsh population showed much greater
abundance than white-clawed crayﬁsh at any site. In habitat formerly occupied by white-
clawed crayﬁsh, CPUE of 7.5 and 8.4 were recorded at Wildshare, the site of the introduction
(0 km) in 2007 and 2008 respectively. The downstream limit of detection of signal crayﬁsh by
trapping was at the site 3.1 km downstream of the introduction, although a few individuals
were detected further downstream by intensive manual survey and were conﬁrmed at the
conﬂuence by September 2008, approximately 400 m beyond the limited detected in traps.
This equates to a lag in detection of about a year by traps compared to manual survey, based
on the rate of expansion calculated above.
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Figure 3
Abundance of signal crayﬁsh (circle), white-clawed crayﬁsh (square) (CPUE, average number/trap) and
density of ﬁsh (diamond) (total density·100 m−2) in 2007 (open legend) and 2008 (ﬁlled legend). Error bars
have been left out for clarity.
Figure 3
Abondance de l’écrevisse signal (cercle), de l’écrevisse à pattes blanches (carré) (CPUE, nombre moyen
par trappe) et densité de poissons (losange) (densité totale·100 m−2) en 2007 (losange vide) et 2008
(losange plein).
In addition to higher CPUE being recorded for signal crayﬁsh, individual signal crayﬁsh are
able to attain greater size than white-clawed crayﬁsh. This is reﬂected in the signiﬁcantly
greater cumulative biomass of signal crayﬁsh in traps than white-clawed crayﬁsh (Figure 4)
(chi-square = 6.982, df = 2, P < 0.03).
The ﬁsh population of the stream is principally brown trout Salmo trutta, Atlantic salmon
Salmo salar and bullhead Cottus gobio. Eel Anguilla anguilla is also present in low numbers
(Figure 5). There are differences in the proportions of substrates at individual sites and within
sites (Figure 6), but all are within the range capable of supporting trout in the Ribble catch-
ment. In addition to the substrates in sites in the study area, Figure 6 shows the average
composition of substrates at other sites surveyed in the Ribble catchment in 2008 where
trout fry densities were high (Class A) or good (Class B) (Class A > 38 trout fry·100 m−2,
Class B 17–38 trout fry·100 m−2, Mainstone et al., 1994).
The density of ﬁsh from electroﬁshing surveys is shown in Figure 3 in total and is subdivided
by ﬁsh species in Figure 5. The most widely distributed species was brown trout, present
at all sites, from −1.2 km to Long Preston Beck (3.5 km). The furthest upstream record for
trout was at −1.4 km, a 150 mm specimen caught as by-catch in a crayﬁsh trap (and so not
included in the ﬁsh data presented here). Trout were recorded at density in the range 47.5
to 131.9·100 m−2 at sites with white-clawed crayﬁsh or mixed crayﬁsh species and at 0
to 18.8·100 m−2 at sites with only signal crayﬁsh (Figure 5). Bullhead was only recorded in
the electroﬁshing surveys at the site 2.38 km from the introduction site and at increasing
abundance downstream. Where present bullhead density exceeded the density of trout at the
same sites (Figure 5). Juvenile salmon were recorded at the same sites as bullhead in 2008,
but were not recorded in 2007. The small waterfall at 1.9 km downstream of the introduction
site is considered to be a barrier to migratory salmonids. Most of the trout recorded in 2008
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Figure 4
Biomass of crayﬁsh (per 15 traps) and total abundance as CPUE (average number crayﬁsh/trap) by
crayﬁsh status at sites (white-clawed (circle), mixed (diamond), signal crayﬁsh (triangle)).
Figure 4
Biomasse d’écrevisse (pour 15 trappes) et abondance totale en CPUE (nombre moyen d’écrevisses par
trappe) dans les sites (pattes blanches (cercle), mixte (losange), signal (triangle)).
Figure 5
Composition of ﬁsh catches by species.
Figure 5
Composition des captures de poissons par espèce.
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17-38
Figure 6
Substrate composition (%) at sites in Bookill Gill Beck with the corresponding juvenile trout densities
(0−63.39·100 m−2) and average substrate composition (%) at sites classiﬁed as good habitat (Class A,
11 sites and Class B, 19 sites) for juvenile trout in the Ribble catchment in 2008 and the trout densities
that are associated with these habitats.
Figure 6
Composition du substrat (%) dans les sites de Bookill Gill Beck avec les densités correspondantes de
juvéniles de truite (0−63,39·100 m−2) et composition moyenne du substrat (%) dans les sites considérés
comme de bons habitats (Classe A, 11 sites et Classe B, 19 sites) pour les juvéniles de truite dans le
bassin versant de la rivière Ribble en 2008 et les densités de truites associées à ces habitats.
(n = 165) were juveniles, with 83% of them less than 100 mm length and only 1.8% more than
200 mm in length when recorded during the electro-ﬁshing surveys in early October 2008.
There were no trout caught above 250 mm length.
The by-catch of crayﬁsh during electroﬁshing is not included in the trapping CPUE or any
analysis because the trapping was always carried out in advance, on the previous night
in 2007 and variable numbers of days earlier in 2008. Also, the effectiveness of electro-
ﬁshing for crayﬁsh is reduced where the presence of boulders and abundant refuges in
banks make it more difﬁcult to detect crayﬁsh reliably. Nonetheless the by-catch was 0 to
30 crayﬁsh·100 m−2 at sites with white-clawed crayﬁsh or mixed populations, whereas at two
sites with dense signal crayﬁsh in 2008 by-catches were 333 (at 1.1 km downstream of the
introduction site) and 141.1 (at 1.77 km).
The density of ﬁsh differed at sites according to the status of crayﬁsh at sites (signal crayﬁsh,
mixed, white-clawed crayﬁsh or no crayﬁsh), for ﬁsh overall (chi-square = 8.045, df = 3,
P < 0.045) and for trout (chi-square = 8.328, df = 3, P < 0.04). There were strong negative
correlations between the abundance of signal crayﬁsh and the density of trout (Spearman
Rank Correlationr = −0.881, df = 11, P < 0.001) and total ﬁsh (r = −0.872, df = 11, P < 0.001)
(Figure 7), but the weak negative correlations for bullhead and salmon respectively were not
signiﬁcant (r = −0.334, df = 11, P < 0.3; r = 0.114, df = 11, P < 0.7), reﬂecting the low
numbers of sites where salmon and bullhead were recorded.
DISCUSSION
For the ﬁrst time, at least in Great Britain, there appears to be ﬁeld evidence that invading
populations of signal crayﬁsh can have a signiﬁcant effect on the recruitment of brown trout
in a headwater stream. Where signal crayﬁsh density is high, the density of juvenile brown
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Figure 7
Correlation between total density of ﬁsh (100 m−2) in Bookill Gill Beck and abundance of crayﬁsh (CPUE)
(white-clawed (circle), mixed (diamond), signal crayﬁsh (triangle)).
Figure 7
Corrélation entre la densité totale en poissons (100 m−2) dans Bookill Gill Beck et l’abondance des
écrevisses (CPUE) (pattes blanches (cercle), mixte (losange), signal (triangle)).
trout is correspondingly low. In addition bullheads were absent from at least 1.7 km of stream
invaded by signal crayﬁsh where they had previously co-existed with white-clawed crayﬁsh.
On its own, a negative correlation between ﬁsh and signal crayﬁsh does not indicate whether
the signal crayﬁshare causing reductionof the trout, or some other factorcausestrout density
to be less in a localised stretch of the stream and this allows signal crayﬁsh to increase due
to reduced predation. Furthermore, the sites are not entirely independent of each other and a
change in one section of the stream may have indirect effects on other areas.
An important consideration is whether the marked change in the ﬁsh populations in
Bookill Gill Beck could be accounted for by habitat differences, rather than signal crayﬁsh.
The waterfall at 1.9 km is considered to be a barrier to migratory salmon and sea trout, which
explains the lack of salmon upstream of this feature. The lack of access for sea trout up-
stream could potentially affect the number of adult trout spawning upstream, although even
taking this into account the density of trout fry is less than expected in headwater streams
in this catchment when there is a resident population of brown trout upstream. The habitat
is suitable for trout upstream of the waterfall; the stream is within the normal range of al-
titude, slope and width of spawning sites for brown trout and the substrate composition is
suitable compared to other sites in the Ribble catchment. There are examples of abundant
resident populations of brown trout and bullhead upstream of similar or more severe barriers
in the Ribble catchment (Spees, unpublished). We also know from local landowners there has
been a long-standing population of brown trout upstream of the waterfall. Bullhead and trout
were both present upstream of the waterfall at a site 1.1 km downstream of the introduc-
tion in 2002, when there was a mixed population of white-clawed crayﬁsh and signal crayﬁsh
(Bradley, unpublished). It appears that bullhead have now been lost completely from the sites
upstream of the waterfall, despite there having been no changes in environmental conditions
since then that might account for the loss, other than the increase in signal crayﬁsh.
Upstream of the introduction site the increase in density of trout corresponds to a reducing
abundance of signal crayﬁsh recorded with distance upstream. In general, the abundance
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of trout would be expected to decrease upstream as the stream became narrower, shallower
and steeper upstream (in this case there are also frequent small steps and shallow gravel
runs in the uppermost site), but the data shown in Figures 3 and 5 do not follow the expected
trend and trout are still present and at higher abundance than in the stretch with signal cray-
ﬁsh. The results from the transition zone at the downstream end of the invaded stretch are
also indicative. Downstream of the small waterfall, there is a stretch that extends to the con-
ﬂuence with Long Preston Beck with no major barriers to salmonids and where trout density
is high. The presence of abundant trout (and other ﬁsh species) does not appear to have
been able to suppress the increase in abundance of signal crayﬁsh from 2007 to 2008 in the
transition zone with white-clawed crayﬁsh,or elsewhere.Hence the reduction in ﬁsh recorded
in Bookill Gill Beck is most probably due to the high abundance and high biomass of signal
crayﬁsh.
Degerman et al. (2007) found no effect of signal crayﬁsh on juvenile trout, even at high den-
sity of crayﬁsh (25–100 crayﬁsh·100 m−2) in electro-ﬁshing catches. Electroﬁshing catches of
crayﬁsh are not directly comparable with trapping CPUE, but the sites in Bookill Gill Beck with
the highest trapping CPUE also had the highest by-catches of crayﬁsh in electroﬁshing, and
these were greater than the highest densities recorded by Degerman et al. (2007). In another
study of Swedish streams, Nilsson et al. (2008) had trapping CPUE for signal crayﬁsh at less
than 1.0 in 8 out of 10 streams, which is less than the CPUE recorded here, even for white-
clawed crayﬁsh. It is not clear why signal crayﬁsh are able to achieve such high abundance
in this stream compared to Swedish streams.
In future years, we expect to see increases in abundance in signal crayﬁsh in the lower
part of Bookill Gill Beck and Long Preston Beck and we forecast a reduction in the ﬁsh
population, compared to sites with white-clawed crayﬁsh only, or no crayﬁsh. Signal cray-
ﬁsh in invading populations in England expand their range progressively, although the rate
varies, generally slow during establishment and more rapidly thereafter, with typical rates of
around 1–2 km·year−1 in both lowland rivers (Guan and Wiles, 1996) and in the upland rivers
of Yorkshire (Peay and Rogers, 1999;B u b bet al., 2005). The current rate of expansion in
Bookill Gill Beck is slower (less than 0.5 km·year−1), but now that the population has reached
high abundance in part of its range and has overcome any delaying factor of the small water-
fall, it is possible that the rate of expansion may accelerate in the next few years.
The data presentedhere do not show the mechanism of loss of recruitmentin Bookill Gill Beck
and it is possible than several factors are in operating in combination. At least some predation
of ﬁsh by crayﬁsh occurs. We observed many trout in the zone with signal crayﬁsh with ﬁn
damage, or with bruising which was unlikely to be attributable to damage during electro-
ﬁshing. We also caught a dying trout (95 mm length) with a cut in its throat unmistakeably
made by the chela of a crayﬁsh but with no other visible indications of damage or poor
condition. By contrast, Stenroth and Nyström (2003) caged batches of 20 trout fry (average
31.6 mm length) with either 5 or 10 signal crayﬁsh of three size classes (15, 23 and 45 mm
carapace length (CL)) in a Swedish stream, but did not ﬁnd any evidence of injuries and no
differences in trout survival, length or weight, despite the ﬁsh being smaller sizes than those
caught at the end of summer in Bookill Gill Beck. Predation of large trout fry and parr by signal
crayﬁsh in Bookill Gill Beck may simply be opportunistic, when the ﬁsh pass within reach of
the crayﬁsh. The opportunities for predation by crayﬁsh may be higher in this stream due to
the locally shallow water during periods of low ﬂow, which increases the chance of ﬁsh being
within grasping range of crayﬁsh, or may be a minor effect compared to other sources of
impact.
Shelters that are resistant to high ﬂows are likely to be important to both ﬁsh and crayﬁsh
in this steep, spate stream. Signal crayﬁsh utilise the refuges under stones in the channel
and also make use of undercut banks and burrows that cannot be used by the ﬁsh. In the
areas with the highest trapping CPUE, signal crayﬁsh appear to occupy almost all the poten-
tially usable refuges in the channel when a manual search is carried out. Grifﬁths et al. (2004)
showed salmon fry had to spend more time swimming in open water when signal crayﬁsh
occupied refuges. Reduced access to refuges may make the juvenile ﬁsh more vulnerable to
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being washed away during ﬂoods. Floods appears to be an important factor in recruitment
of salmonids from year to year, with Ribble Catchment Conservation Trust reporting reduced
abundance of juvenile trout in late summer surveys if there have been large or more frequent
ﬂood events in the preceding winter and spring. Avoiding the crayﬁsh in refuges may also
leave the ﬁsh potentially vulnerable to increased predation, especially by grey herons Ardea
cinerea, which regularly hunt along the stream and have a roost site nearby. Another possibil-
ity is that signal crayﬁsh are helping to displace ﬁsh downstream and that due to the relatively
steep gradient and at least one barrier, fewer ﬁsh are able to migrate back to take residence
or spawn.
We have no information at present on the degree to which signal crayﬁsh in this stream
predate ﬁsh eggs or emerging fry. Signal crayﬁsh are assumed to be relatively inactive in
streams during the winter. Spawning of brown trout occurs in streamsin the Ribble catchment
in the period late October to December, depending on ﬂows. The late spawning period may
reduce the opportunity for predation of eggs by crayﬁsh, but with such high density of signal
crayﬁsh there may be pressure to forage even in winter, when there are readily accessible
and nutritious ﬁsh eggs and larvae. This is particularly so as there has been a pattern of mild
winters in northern England in recent years, with only a few days of snow each winter at
most. The trout alevins emerge from the gravel in March and April. Depending on the water
temperature during incubation, active swimming and avoidance of predators would not be
expected until late May or early June. With crayﬁsh in Yorkshire showing increasing activity in
April and May, there is the potential for predation when small juvenile trout are at their most
vulnerable.
In addition, observations on site suggest there are changes in the composition of the invert-
erbrate fauna in the signal crayﬁsh zone, such as reduction or loss of Gammarus pulex,a n
important food source for trout. This has not been investigated in any detail as yet, but the
ﬁndings of reduced invertebrate biomass (Stenroth and Nyström, 2003;C r a w f o r det al., 2006)
suggest this is another possible pathway for impact of signal crayﬁsh on ﬁsh.
This is a case study of a single stream and as such we cannot assume that the effects would
be seen in other invaded streams. It may be that there are characteristics of this stream that
have allowed it to develop an especially high abundance of signal crayﬁsh. Certainly, the
stream is shallow and the density of adult trout is low – the stream is primarily a recruitment
area and it is not stocked with reared ﬁsh. In addition, in this case, the signal crayﬁsh were
introduced near the upstream end of a small tributary, whereas it is more common for in-
troductions of signal crayﬁsh to be made in less remote areas in the larger streams or main
rivers, from which they expand slowly up in to the tributaries. Nonetheless there are many
similar shallow, stony headwater streams in this catchment and in many other catchments
in upland areas of northern England and Scotland, and these are important for recruitment
of salmonids. An increasing number of those catchments have signal crayﬁsh populations
expanding in one or more areas.
Since the outbreak of crayﬁsh plague in the River Ribble, the Manchester Anglers Association
has changed its managementof the ﬁshery from extensive annual stocking of trout to a largely
wild ﬁshery. The Ribble Catchment Conservation Trust, which advises angling interests in
the catchment, recommends stocking only in compensation for damaging events, such as
temporary loss of spawning habitat due to modiﬁcations of the river. The Trust and local
landowners have invested in a range of habitat improvement measures, including fencing
of some stretches to protect river banks from excessive erosion by livestock, dealing with
incidents of farm pollution and generally trying to improve the natural production of brown
trout and Atlantic salmon in the catchment. The possibility that similar impacts on recruitment
of salmonids may be seen in other tributaries over time is a matter of concern to the Ribble
Catchment Conservation Trust.
Guan and Wiles (1997) have shown that an invading population of signal crayﬁsh can have
an impact on benthic ﬁsh; bullhead and stone loach Barbatula barbatula. These species are
important elements of the overall aquatic biodiversity, but are not of interest for angling. Al-
though the negative impact of signal crayﬁsh on white-clawed crayﬁsh is widely known, there
12p12S. Peay et al.: Knowl. Managt. Aquatic Ecosyst. (2009) 394-395, 12
appears to have been little published on the impact of signal crayﬁsh on angling, apart from
the nuisance of crayﬁsh taking angling bait in some cyprinid ﬁsheries (Peay and Hiley, 2004).
Anglers on the River Wharfe have reported catching brown trout which have eaten juvenile
crayﬁsh (Birdsall, 2007, pers. comm.) and this has led some of them to assume that signal
crayﬁsh solely provide beneﬁts to the recreational ﬁshery.
If impacts that appear to be occurring in Bookill Gill Beck do indeed occur in at least some
other watercourses, there is potential for adverse impacts on recreational ﬁsheries which are
dependent on recruitment of ﬁsh from small headwater streams. Non-indigenous crayﬁsh
would be just one of the factors with potential for effects on recruitment, however. Other
factors such as land use, water quality, the presence of artiﬁcial barriers, the frequency of
ﬂood and drought events and ﬁsh harvesting regimes may be equally or more important – it
is too early to tell, but additional negative impacts from signal crayﬁsh may exacerbate other
adverse factors.
Fisheries management policy in Great Britain is increasing encouraging management of nat-
ural salmonid ﬁsheries, rather than stocking, so we believe that the potential for invasive
non-indigenous crayﬁsh to adversely affect recruitment of ﬁsh, including salmonid ﬁsh, is a
matter that should be investigated further. We hope that this case study will encourage other
studies on this topic. Above all, as a precautionary measure to protect both ﬁsh and other
elements of biodiversity, we hope that those involved in using, managing or regulating recre-
ational ﬁsheries will increase their efforts to prevent further introductions of non-indigenous
crayﬁsh in Great Britain and elsewhere.
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